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ABSTRACT 

The  objective  of  this  paper  is  to  present  an  overview  of 
recent  efforts  to  develop  new  measurement  techniqu.es  to 
improve  high  explosive  munition  diagnostics.  The  develop¬ 
ment  of  high  explosive  munitions  requires  an  accurate  mea¬ 
surement  of  weapon  effectiveness.  One  of  the  main  elements 
of  weapon  effectiveness  testing  is  the  measurement  of  the 
explosive  blast  pressure.  Blast  waves  are  characterized  by 
parameters  such  as  initial  shock  intensity  (peak  overpres¬ 
sure)  ,  duration  of  the  blast  wave,  impulse  ( force-time  prod¬ 
uct)  per  unit  area,  and  time  of  arrival  of  the  wave.  The 
standard  method  of  measuring  these  parameters  is  with  the 
use  of  free  air  blast  pressure  transducers .  The  present 
state-of-the-art  transducers  do  not  have  the  frequency 
response  necessary  to  accurately  characterize  the  blast 
wave.  The  transducers  experience  mechanical  resonance  which 
makes  it  impossible  to  correctly  measure  the  peak  overpres¬ 
sure  and,  in  turn,  induces  errors  in  the  impulse  measure¬ 
ment.  This  paper  describes  recent  efforts  to  develop 
transducers  that  have  sufficient  frequency  response  and 
resonant  frequency  to  improve  high  explosive  munitions  mea¬ 
surements.  New  measurement  techniques  employing  piezoelec¬ 
tric  polymer  films  and  fiber  optics  have  potential 
bandwidths  approaching  the  Gigahertz  regime .  Other 
measurement  systems  that  are  optically  based  also  have  fre¬ 
quency  bandwidth  capability  thac  approach  Gigahertz 
responses .  Some  recent  developments  in  transducers  for 
blast  pressure  measurements  utilizing  these  methods  are 
presented  in  this  paper.  Additionally,  development  of  a 
small  helium  driven  shock  tube  for  laboratory  experimenta¬ 
tion  of  blast  pressure  sensors  is  reviewed . 

INTRODUCTION 

Weapon  effectiveness  testing  is  critical  to  the  development 
of  high  explosive  munitions .  One  main  aspect  of  this  test¬ 
ing  is  the  accurate  measurement  of  the  explosive  blast  pres¬ 
sure.  The  blast  wave  generated  in  an  explosion  imposes  a 
dynamic  load  on  any  target  in  its  field.  This  dynamic  load 
is  characterized  by  a  rapidly  reached  peak  value  (overpress¬ 
ure)  which  then  decreases  as  the  blast  wave  decays .  The  net 
effect  of  the  load  depends  both  on  the  nature  of  the  blast 
wave  and  on  the  geometry  and  construction  of  the  target . 


The  blast  wave  from  an  explosion  damages  a  structure  by 
causing  it  to  deform?  these  deformations  may  range  from 
trivial  damage  to  complete  destruction.  Basic  consider¬ 
ations  of  analytical  mechanics  indicate  that  the  damage 
potential  of " an  explosive  blast  wave  depends,  (1)  on  the 
force  that  it  exerts  on  a  target,  (2)  on  how^  long  the  force 
is  applied,  and  (3)  on  the  ability  of  the  target  to  with¬ 
stand  the  blast  effects.  The  pertinent  damaging  aspect  of  a 
blast  wave  thus  involves  both  its  peak  overpressure  and  its 
duration  (impulse  per  unit  area) . 

The  very  first  mechanical  effect  of  an  explosive  blast  is  a 
forceful  blow  from  the  instantaneous  pressure  jump  in  its 
shock  front.  This  is  followed  immediately  by  the  crushing 
effect  of  blast  overpressure  (pressure  above  atmospheric) 
and  a  blast  wind  of  super-hurricane  velocity.  These  blast 
wave  effects  then  decrease  quasi-exponentially  with  time 
until  the  pressure  reaches  atmospheric  (zero  overpressure) , 
after  which  there  is  a  slight  negative  phase  along  with  a 
reversed  blast  wind  (see  figure  1) .  Blast  waves  are  charac¬ 
terized  by  the  initial  shock  intensity  (peak  overpressure , 
mach  number,  or  particle  velocity) ,  duration  of  the  blast 
wave,  and  impulse  (force-time  product)  per  unit  area  for  the 
pressure  forces  in  the  blast.  Also  of  interest  is  the 
arrival  of  the  shock  front  as  it  travels  from  the  center  of 
the  explosion  to  the  location  of  concern  (Ref  1)  . 

One  common  method  of  measuring  the  peak  overpressure  and 
impulse  per  unit  area  of  a  blast  wave  is  by  using  free  air 
blast  pressure  transducers.  These  transducers  are  typically 
piezoelectric  (crystal  and  ceramic)  or  piezoresistive 
(strain  gage)  in  nature  and  do  not  have  the  frequency 
response  necessary  to  accurately  measure  the  transient  pres¬ 
sure  phenomena .  The  transducers  experience  mechanical  reso¬ 
nance  which  makes  it  impossible  to  correctly  measure  the 
peak  overpressure  and,  in  turn,  induces  errors  in  the 
impulse  measurements .  Several  transducer  development 
efforts  were  recently  undertaken  to  find  new  innovative  sen¬ 
sor  t  .chnologies  that  can  achieve  sufficient  frequency 
response  and  resonant  frequency  for  high  explosive  munitions 
measurements . 

PIEZOELECTRIC  SENSORS 

Piezoelectricity  is  "electric  polarization  produced  by 
mechanical  strain  in  crystals  belonging  to  certain  classes, 
the  polarization  being  proportional  to  the  strain  and  chang¬ 
ing  sign  with  it  (Ref .2) . "  Piezoelectric  pressure  transduc¬ 
ers  that  employ  piezoelectric  crystals  or  ceramics  are 
limited  in  frequency  response  by  their  physical  properties 
and  geometries .  Piezoelectric  materials  used  for  these 
types  of  sensors  include  crystalline  quartz  and  synthetic 
ceramics  such  as  lead  titanate  and  barium  zirconate. 


The  resonant  frequency  of  these  transducers  is  limited  by 
the  mechanical  design  of  the  sensor  housing,  the  geometry  of 
the  sensing  element,  and  the  method  by  which  the  sensing 
element  is  interfaced  to  the  sensor  housing.  Theoretically, 
piezoelectric  elements  should  be  capable  of  extremely  high 
resonant  frequencies,  especially  as  the  size  of  the  piezo¬ 
electric  element  is  made  smaller.  However,  as  the  piezo¬ 
electric  element  becomes  smaller,  it  can  produce  less  charge 
at  a  given  pressure.  Since  any  charge  produced  must  be 
shared  between  the  capacitance  of  the  element  itself  and  the 
capacitance  of  attached  cabling,  output  of  the  sensor  at 
remote  charge  amplifiers  falls  as  the  sensor  becomes  smaller 
(Ref.  3  &  4)  . 

Piezoelectric  polymer  film  gages  that  produce  charge  when 
subjected  to  pressure  have  been  under  development  for  sev¬ 
eral  years  (Ref.  2) .  Several  types  of  piezoelectric  film 
material  exists:  nylon  3,5,7,11?  polyvinyl idene  fluoride 
(PVF2) ?  and  a  co-polymer  known  as  VF2/VF3.  These  materials 
are  made  piezoelectric  by  stretching  the  material  and  then 
polling  it,  that  is,  sub j ecting  it  to  a  slowly  decaying 
intense  electric  field  that  realigns  its  molecules  (Ref. 5). 
Francois  Bauer,  a  French  physicist,  has  recently  patented  a 
method  of  polling  sheets  of  piezoelectric  film  such  that 
every  gage  cut  from  the  sheet  will  exhibit  the  same  response 
(Ref.  6) .  If  the  gage  response  is  reproducible ,  all  that  is 
needed  is  to  calibrate  one  gage  and  the  response  of  the 
gages  will  be  known. 

In  contrast  to  conventional  crystalline  and  ceramic  trans¬ 
ducers  ,  piezoelectric  polymer  films  have  very  wide-band  fre¬ 
quency  characteristics  and  low  Q  (quality  factor) .  The 
quality  factor  is  defined  as  the  ratio  of  the  resonant 
frequency  to  the  bandwidth.  Hence,  a  low  Q  corresponds  to  a 
relatively  large  bandwidth .  Piezoelectric  film  has  been 
employed  as  a  transducer  at  frequencies  from  DC  up  to  GHz. 

Piezoelectric  polymer  film  has  a  flat  frequency  response 
over  a  wide  range  which  is  a  consequence  of  the  polymer's 
softness.  This  elimates  the  self-ringing  found  in  brittle 
materials.  By  varing  the  thickness  of  the  film,  the  reso¬ 
nance  can  be  brought  down  to  low  MHz  for  very  thick  films 
(1mm)  and  up  to  GHz  for  very  thin  films  (l?tm)  .  The 
capacitance  is  high  enough  for  effective  use  at  high  fre¬ 
quencies  when  the  signal  from  the  piezoelectric  film  element 
is  fed  to  a  low  impedance  instrument  (Ref. 2). 

Piezoelectric  polymer  films  such  as  PVF2  also  have  pyroelec¬ 
tric  properties.  Pyroelectricity  is  electric  polarization 
induced  by  thermal  absorption  in  crystals,  with  the 
polarization  being  proportional  to  the  thermal  change  (Ref. 

2) .  The  shock  front  generated  by  an  explosion  usually 
reaches  the  blast  pressure  sensor  before  the  thermal  pulse 


arrives,  provided  the  sensor  is  located  at  a  sufficient  dis¬ 
tance  from  the  explosive.  Therefore,  the  temperature  change 
in  the  piezoelectric  film  is  due  to  shock  heating  of  the 
sensor  and  not  the  thermal  pulse  of  the  explosive  which 
occurs  after  the  pressure  is  measured.  This  pyroelectric 
property  of  PVF-*  is  important  since  adiabatic  shock  heating 
will  occur  in  coincidence  with  the  change  in  pressure  it 
experiences.  If  the  temperature  changes  in . PVF2  and  its 
surroundings  are  identical,  then  there  will  be  no  heat 
transfer  and  the  pyroelectric  response  will  be  due  to  adia¬ 
batic  heating  of  the  FVF2  only. 

Bur  and  Roth  of  National  Bureau  of  Standards  report  that  for 
this  special  case  of  adiabatic  heating  of  PVF2#  the  pyro¬ 
electric  charge  signal  is  approximately  eight  percent  of  the 
piezoelectric  charge.  In  general,  for  pressure  measurements 
in  environments  where  the  pressure  pulse  occurs  much  more 
rapidly  than  the  thermal  pulse,  this  approximation  can  be 
applied  to  the  transducer  signal .  Pressure  measurements 
with  dynamic  range  up  to  several  hundred  megahertz  can  be 
corrected  with  the  eight  percent  temperature  compensation 
(Ref.  7)  .  Piezoelectric  film  sensors  have  been  used  by  the 
Air  Force  Armament  Laboratory  for  time-of-arrival  measure¬ 
ments  of  detonation  waves  in  explosives ,  explosive  blast 
pressure  measurements,  and  determining  dynamic  soil  stresses 
generated  by  blast  loading  (Ref.  8) . 

As  previously  stated,  going  to  a  higher  resonant  frequency 
requires  that  the  piezoelectric  element  itself  be  made 
smaller  in  thickness  and  lateral  dimension.  Smaller  size  of 
the  piezoelectric  element  implies  less  voltage  and  charge 
available  to  drive  cabling  and  amplifiers.  Thin  film  piezo¬ 
electric  materials  show  promise  for  integration  of  charge 
amplifiers  into  a  monolithic  chip.  Silicon  technology  is  an 
obvious  choice  for  the  chip  itself,  since  this  technology  is 
well  developed. 

Piezoelectric  elements  produced  by  the  process  of  sputtering 
of  thin  films  such  as  zinc  oxide  (ZnO)  are  highly  compatible 
with  silicon  chip  fabrication  technology.  ZnO  is  a  ceramic 
which  can  withstand  fairly  high  process  temperatures .  It 
has  been  extensively  investigated  by  researchers  at  the  Uni¬ 
versity  of  California  at  Berkley  for  both  piezoelectric  and 
pyroelectric  sensors  fabricated  using  silicon  technology 
(Ref.  4) .  Basic  research  is  continuing  at  the  university 
level  in  this  technology  area. 

PIEZORESISTIVE  SENSORS 

Piezoresistive  sensors  usually  consist  of  a  diaphragm  con¬ 
taining  resistors  in  a  Wheatstone  bridge  configuration. 

Under  the  influence  of  a  pressure  difference  across  its 
thickness,  the  diaphragm  flexes  and  places  strain  on  the 


resistors,  which  causes  them  to  change  resistance  and  pro¬ 
duce  an  output  voltage  proportional  to  both  the  applied 
pressure  and  the  bridge  supply  voltage.  Because  the 
diaphragm  must  be  thinner  than  its  supporting  regions,  it 
has  the  lowest  resonant  frequency  of  any  component  within 
the  small  sensor  package,  and  consequently  places  the  upper 
limit  on  the  frequency  response  of  the  sensor. 


The  use  of  silicon  as  the  substrate  material  as  well  as  the 
diaphragm  offers  the  advantages  of  batch  fabrication  tech¬ 
niques  used  for  silicon  technologies  such  as  integrated  cir¬ 
cuits.  Resistors  can  be  diffused  or  implanted  into  the 
silicon  diaphragm  (see  Figure  2).  Additionally,  signal 
conditioning  electronics  can  be  built  into  the  silicon  chip. 
The  piezoresistive  effect  in  silicon  is  direction  dependent. 
Finite  element  modeling  of  various  silicon  diaphragm  config¬ 
urations  on  a  silicon  substrate  indicate  an  upper  resonant 
frequency  limit  in  the  range  of  1-6  MHz.  This  limit  is 
material  dependent  and  could  rise  if  some  material  (other 
than  silicon)  with  a  higher  strength-to-weight  ratio  could 
be  used.  The  resonant  frequency  limit  may  be  too  low  for 
some  explosive  blast  pressure  measurements .  Presently 
available  piezoresistive  silicon  devices  are  thought  to 
approach  fundamental  upper  limits  on  resonant  frequency 
(Ref.  4). 


Semiconductor  piezoresistive  sensors  do,  however,  offer  high 
sensitivity,  or  gage  factor,  perhaps  100  times  tha  of  wire 
strain  gages  (Ref.  9) .  Gage  factor  is  defined  by  frac¬ 

tional  change  in  resistance  divided  by  the  axial  strain. 

The  gage  factor  for  semiconductor  sensors  is  determined  by 
the  doping  level ,  and  it  also  varies  as  a  function  of  tem¬ 
perature  .  Most  materials,  such  as  those  used  for  wire  and 
foil  strain  gages,  have  factors  only  slightly  higher  than 
1.6.  This  suggests  that  there  is  a  small  change  in  the 
material  resistivity  with  stress  (Ref.  10) . 


Piezoresistive  gages  made  of  manganin  are  presently  used  for 
explosive  measurements.  Manganin  gages  are  composed  of  a 
thin  metal  foil  grid  laminated  to  a  plastic  insulator  simi¬ 
lar  to  a  strain  gage.  Typical  manganin  sensitivity  is  0.0027 
ohms/Kilobar.  These  gagas  are  not  made  for  resolution  below 
1  Kilobar.  The  gages  are  only  accurate  when  forces  run  per¬ 
pendicular  to  the  gage  face.  To  avoid  gage  heating  manganin 
gages  need  to  be  activated  using  a  pulsed  power  supply  - 
applied  just  before  pressure  is  experienced.  Pulsed  excita¬ 
tion  can  go  as  high  as  300  volts  with  no  gage  heating  due  to 
the  short  times  involved.  Manganin  giges  have  measured 
pressures  up  to  400  Kilobars.  These  gages  are  typically 
used  to  measure  detonation  pressures  internal  to  the  explo¬ 
sive  (Ref.  11) . 


PHOTOELASTIC  OPTICAL  SENSOR 


The  photoelastic  effect  in  transparent  materials  can  be  used 
to  create  an  optical  pressure  sensor  for  explosive  blast 
pressure  measurements.  This  effect  is  due  to  the  double 
refraction  in  transparent  materials  when  a  stress  is 
applied.  An  explosive  blast  pressure  wave  subjects  the  pho- 
toelastic  material  to  a  uniaxial  strain  field  that  is  per¬ 
pendicular  to  the  direction  of  light  traveling  through  the 
material.  When  this  stress  is  applied  in  the  x  direction 
the  index  of  refraction  (defined  by  Equation  1)  increases 
along  that  direction,  while  the  index  of  refraction  along 
the  y  direction  remains  constant  (see  figure  3) .  This 
doubly  refractive,  or  birefringent  material,  separates  an 
incident  beam  of  light  into  two  diverging  rays,  known  as 
ordinary  and  extraordinary  rays.  The  extraordinary  ray 
traveling  along  the  x  axis  direction  propagates  at  a  slower 
speed  than  the  ordinary  ray  traveling  along  the  y  direction. 
The  index  of  refraction  is  defined  as: 

n  =  c/v  ( 1 ) 


where : 

n  —  the  index  of  refraction 
c  =  the  velocity  of  light,  2.9  x  103  ra/s 
v  =  the  velocity  of  light  in  the  material 

Consequently ,  the  higher  the  index  of  refraction  of  a  mate¬ 
rial  the  slower  the  velocity  of  the  ray  propagating  through 
it  becomes .  Hence ,  the  x  axis  is  known  as  the  slow  axis  and 
the  y  axis  is  known  as  the  fast  axis. 

In  Figure  3 ,  unpolarized  light  is  transmitted  to  the  sensor 
by  a  multimode  fiber.  A  GRIN  (GRaded  INdex)  lens  collimates 
the  light  through  a  polarizer  oriented  at  tt/4  (45* )  with 
respect  to  the  x  axis  of  the  material.  The  polarizer  blocks 
one  of  the  components  of  light  and  transmits  the  other  into 
the  photoelastic  material.  The  now  linearly  polarized  light 
is  changed  to  circularly  polarized  light  by  the  quarter  wave 
plate.  If  the  material  is  not  stressed,  then  the  circularly 
polarized  light  will  pass  through  unchanged.  A  prism  pola¬ 
rizer  then  spatially  separates  the  two  polarization  compo¬ 
nents  yielding  equal  intensities.  The  orientation  of  the 
prism  is  chosen  in  order  to  analyze  the  light  exiting  the 
material  at  angles  of  +tt/ 4  and  -7r/4  with  respect  to  the  fast 
and  slow  axes  in  the  material .  The  two  signals  are  then  - 
focused  into  two  receiver  fibers  by  two  GRIN  lens,  for 
transmission  into  two  photodetectors.  The  quarter  wave  plate 
is  used  for  optical  biasing.  Because  of  the  sine  squared 
relationship  between  the  stress  birefringence  and  the  trans¬ 
mitted  intensities  of  the  sensor's  output  channels  (seen  in 
Equations  2  &  3)  the  quarter  wave  plate  results  in  the 


sensor  initially  operating  at  the  point  of  greatest  sensi¬ 
tivity  (the  inflection  point  of  the  sin©  square  curve) . 

When  the  material  is  stressed,  the  polarized  rays  experience 
a  phase  shift.  This  phase  shift  is  proportional  to  the  mag¬ 
nitude  of  the  applied  stress  and  material  thickness ,  and  is 
referred  to  as  stress  induced  birefringence . 

With  the  sensor  configured  as  in  Figure  3,  a  change  in  the 
applied  stress  results  in  a  change  in  optical  transmission. 
This  results  in  changed  light  intensities  incident  on  the 
optical  detectors.  For  this  configuration,  the  output  inten¬ 
sity  for  the  it/ 4  and  the  -jt/4  orientations  is  given  by: 

/n/4  =■  /.sin2(T(S)/2-  n/4)  (2) 

/_„/4  =  /.sin2(r(S)/2  +  n/4)  (3) 


where : 

/.  =  input  optical  intensity 
T(Sy=  stress  induced  birefringence 

The  induced  birefringence  in  an  isotropic  photoelastic  mate¬ 
rial  as  a  function  of  the  applied  stress  is  given  by: 

f  (S)  =  (2nf//)S  (4) 


where: 

t  =  the  optical  path  length 
/  =  a  material  constant  (psi/fringe/in) 
s  =  the  applied  stress  (psi) 

Equation  4  shows  that  the  stress  induced  birefringence ,  and 
therefore,  the  sensor  sensing  range  and  sensitivity  are 
dependent  on  the  material  geometry 

By  using  the  identities: 

Sin(/1  +  fi)  =  SinACosB  +  CosASinB 

and 

Sin  (/4-B)  =  SinACosB  -  CosASinB 


and  squaring  the  results ,  Equations  2  and  3  can  also  be 
shown  in  the  following  form: 


/it/4  ”  /./2  -  /  . {sin  r(S)/2> cos  F(S)/2 
/-n/4  -  /./2  +  /.{sin  r(S)/2}cosf(S)/2 


(5) 

(6) 


This  allows  the  sum  and  difference  of  these  two  equations  to 
be  written  as: 


~  $  sum  ““  I  n/4  +  ^  -«/4  '  * 

/ dtff  “  Z -ri/4 **  Z n/4  “  2/.{sinr(o)/2>cosr(S)/2 

The  sum-difference  sensor  output  becomes: 

sum-dif  ference*  I  diff/  /  sum  *  2sinr(5)/2{cosf(S)/2} 
su.m-dif  ference  -  sin  T(S) 


(7) 

(8) 


(9) 


Equation  9  shows  that  the  sum-difference  sensor  output  is 
intensity  invariant .  This  provides  immunity  from  source 
light  intensity  variations  and  optical  fiber  microbending 
losses. 

The  measurement  bandwidth  capability  of  a  photoelasitic 
pressure  sensor  is  determined  by  the  natural  resonant  fre¬ 
quency  of  the  photoelastic  sensing  element  and  the  speed  of 
sound  in  the  material. 

The  resonant  frequency  of  a  photoelastic  sensing  element  is 
determined  by  the  mechanical  properties  of  the  sensing  ele¬ 
ment  (Young's  modulus  and  material  density)  and  its  geome¬ 
try.  For  a  rectangular  parallelepiped  loaded  along  its 
height  (Z.),  the  natural  resonant  frequency  is  found  to  be: 

/*n/2Z.(/F7p)  (10) 


where: 

/  =  the  natural  resonant  frequency 

n  =  an  integer  number 

L  =  the  height  of  the  sensing  element 

E  =  Young's  modulus 

p  =  the  material  density 

/zFTp  *  the  acoustic  velocity 


As  can  be  seen  from  Equation  10,  the  resonant  frequency  is 
dependent  on  the  height  of  the  sensing  element,  since  the 
material  properties  of  the  photoelastic  material  are  con¬ 
stants.  By  proper  selection  of  the  photoelastic  material  in 
conjunction  with  its  height ,  resonant  frequencies  in  the 
upper  MHz  region  can  be  achieved.  This  resonant  frequency 
is  achieved  independent  of  the  sensor's  pressure  range, 
since  the  sensing  range  is  defined  by  optical  path  length 
(refer  to  Equation  4) . 


The  limitation  in  the  measurement  bandwidth  apability  of  a 
photoelastic  sensor  with  acoustic  velocity  results  from  the 
measured  pressure  propagating  through  the  sensing  element 
material  at  the  speed  of  sound.  The  limitation  depends  on 
the  speed  of  sound  in  ths  material  and  distance  between 
where  the  pressure- is  applied  and  the -location  of  the  opti¬ 
cal  axis.  The  acoustic  velocity  of  most  optical  glasses  is 
sufficient  to  support  frequencies  into  the  megahertz. 

Static  loading  experiments  can  be  performed  to  determine  the 
stress  optical  coefficient  of  photoelastic  materials.  This 
coefficient  is  used  in  defining  the  required  geometry  of  a 
sensing  element  to  achieve  a  desired  r  ressure  sensing  range. 
The  stress  optic  coefficient  is  a  measure  of  the  magnitude 
of  induced  birefringence  of  a  material  for  a  given  load. 


Sensing  element  material,  substrate  (sensor  housing)  mate¬ 
rial,  and  the  method  by  which  the  sensing  element  is 
attached  to  the  substrate  material  can  all  have  an  effect  on 
both  risetime  and  the  coupling  of  resonances  into  the  sens¬ 
ing  element.  Dynamic  loading  experiments  may  be  used  to 
determine  the  effect  of  the  extent  of  these  effects  (Ref. 

3). 


Experimental  results  on  i*esor;ant  frequency,  pressure  range, 
and  response  time  show  that  the  photoelastic  based  sensor  is 
well  suited  to  the  measurements  of  blast  waves. 

OPTICAL  FABRY-PEROT  RESONATOR  PRES SURF  SENSOR 


A  sensor  based  on  a  Fafory-Perot  resonator  has  been  investi¬ 
gated  for  the  characterization  of  blast  waves.  A  Fabry- 
Perot  resonator  is  constructed  of  two  partially  reflecting 
surfaces  parallel  to  one  another  so  that  light  waves  may 
bounce  back  and  forth  between  them  several  times  (Figure  4). 
Used  as  a  laser  resonator,  only  light  of  specific  frequen¬ 
cies  traveling  perpendicular  to  the  reflecting  surfaces  is 
reinforced  by  successive  reflections  and  amplifications  to 
form  an  oscillating  mode.  The  optical  characteristics  of 
the  resonator  depend  on  these  relative  amplitudes  and  phases 
of  these  reflections.  The  phase  <f>  is  defined  as: 

4>*2  nt/X  (11) 


where  X.  is  the  wavelength  and  t  is  the  thickness  of  the  cav¬ 
ity.  It  can  be  shown  that  the  reflected  spectrum  is  a 
series  of  peaks,  each  separated  by  a  phase  difference  of  n 
radians.  Furthermore,  the  shape  of  the  maxima  and  minima 
depends  on  the  reflectivities  of  the  two  surfaces. 


It  can  be  seen  from  Equation  11  that  the  relative  phase 
depends  on  both  the  cavity  thickness  and  the  wavelength. 
Therefore,  for  a  fixed  wavelength,  the  reflected  intensity 
is  a  measure  of  the  cavity  thickness.  By  using  a  diaphragm 
as  one  reflector  in  the  resonator,  the  sensor  is  optically 
measuring  the  diaphragm  displacement. 

The  sensor  is  a  combination  of  a  micromachined  silicon  dia¬ 
phragm  and  optical  fiber  assembly  held  in  an  aerodynamic 
housing.  The  gap  between  the  diaphragm  and  the  fiber  end 

defines  the  resonant  cavity. 

Reflectivity  of  the  sensor  is  measured  at  several  wave¬ 
lengths.  By  taking  the  ratio  of  the  intensities  of  two 
measured  wavelengths,  it  is  possible  to  compensate  for 
intensity  variations  in  the  optical  system.  The  reflection 
characteristics  are  shown  in  Figure  5,  with  wavelength  as  a 
parameter.  It  can  be  seen  that  the  curve  is  approximately 
sinusodial  with  phase  (or  thickness) . 

It  can  be  shown  that  taking  the  ratio  of  the  two  wavelengths 
allows  any  variable  system  losses  to  be  compensated ,  as 
shown  by  Figure  6.  The  main  problem  with  this  compensation 
scheme  is  that  the  transfer  characteristics  are  very  nonlin¬ 
ear.  Although  the  characteristics  should  be  well  defined 
analytically,  they  may  vary  from  sensor  to  sensor  due  to 
differences  in  the  fabrication  process .  Without  further 
compensation ,  the  manufacturing  tolerances  would  have  to  be 
very  tight  to  achieve  acceptable  accuracy . 


A  compensation  system  is  an  optoelectronic  interface,  shown 
in  Figure  7.  It  contains  a  broadband  LED  and  is  used  as  the 
light  source.  This  light  is  modulated  by  the  sensor  cavity 
and  is  returned  to  the  interface  unit,  where  it  is  separated 
into  a  number  of  spectral  channels  by  a  5  channel  wavelength 
division  multiplexer  (WDM) .  Two  channels  are  coupled  to  high 
bandwidth  detectors  where  their  ratio  is  used  to  generate  a 
normalized  signal.  The  remaining  channels  are  coupled  to  low 
bandwidth  detectors  and,  in  conjunction  with  high  bandwidth 
signals,  are  used  for  calibration  and  linearization  of  the 
sensor  head  response . 

Modeling  of  the  Fahry-Perot  optical  resonator  pressure  sen¬ 
sor  included  numerical  analysis  of  the  optical  system  and 
finite  element  analysis  of  the  mechanical  design.  Finite 
element  modeling  of  silicon  diaphragms  was  discussed  earlier 
in  this  paper  under  piezoresistive  sensors.  As  previously 
mentioned ,  the  resonant  frequency  upper  limit  of  the  silicon 
diaphragm  is  in  the  range  of  1-6  MHz .  The  predicted  charac¬ 
teristics  of  resonant  frequency  and  maximum  pressure  range 
show  that  the  Fabry-Perot  based  sensor  is  suited  to  the 
measurements  of  blast  waves  (Ref.  4) . 


REMOTE  BLAST  PRESSURE  SENSORS 


A  study  was  conducted  to  evaluate  the  feasibility  of  remov¬ 
ing  the  pressure  measuring  sensors  from  a  blast  field,  enab¬ 
ling  a  totally  remote  measurement  of  pressure  time  history. 
By  removing  the  sensors  from  the  blast  field,  the 
uncertainties  introduced  by  fragments,  shields  protecting 
the  sensors,  and  thermal  effects  would  also  be  removed.  It 
was  thought  that  a  laser  based  measurement  technique  would 
meet  our  objective.  After  an  extensive  survey  of  literature 
on  laser  probes,  no  reasonable  technique  for  remote  measure¬ 
ment  of  pressure-time  history  of  blast  waves  was  found. 

The  main  difficulty  is  that  the  pressure  pulse  behind  the 
blast  wave  is  physically  very  short.  This,  together  with 
the  very  weak  interaction  of  laser  photons  with  air  mole¬ 
cules,  leads  to  extremly  weak  signals.  Another  problem  is 
the  interference  from  the  extreme  brightness  created  by  the 
explosion  fireball.  Lasers  with  a  continuous  output  offer 
the  possibility  of  making  a  continuous  pressure  versus  time 
record,  but  pulsed  lasers  are  needed  to  overcome  the  back¬ 
ground  interference .  The  use  of  pulsed  lasers  necessarily 
leads  to  snapshot  measurements  at  the  pulse  repetition 
frequency  (PRF) ,  rather  than  a  continuous  history.  Conse¬ 
quently,  attention  was  turned  to  an  alternative  technique: 
measurement  of  the  shock  speed  with  a  laser. 

The  peak  pressure  behind  a  shock  in  an  ideal  gas  is  directly 
related  to  velocity  of  the  shock.  This  relationship  is 
obtained  from  detailed  calculations .  Figure  8  shows  this 
relationship.  The  speed  of  the  shock  wave  is  detected  from 
the  doppler  shift  of  the  reflected  laser  beam  (Ref.  12) . 

The  objective  of  measuring  the  blast  pressure  with  no  hard¬ 
ware  embedded  in  the  field  was  partially  realized,  although 
only  the  peak  value  at  discrete  points  could  be  measured. 
This  also  permits  measurements  closer  to  the  explosion  than 
is  possible  with  quartz  gauges. 

Shock  Tube 

A  shock  tube  was  developed  for  the  non-destruct ive  testing, 
characterization ,  and  calibration  of  blast  pressure  gages . 
This  device  is  capable  of  generating  pressure  pulses  up  to 
200  psi  of  overpressure  and  rise  times  of  less  than  10 
microseconds.  The  shock  tube  consists  of  a  high  pressure 
helium  driver,  diaphragm,  expansion  nozzle,  and  the  barrel 
where  the  pulse  develops  and  sweeps  by  or  impinges  on  the 
test  gage.  The  shock  overpressure  is  variable  by  the  opera¬ 
tor’s  setting  of  initial  driver  pressure  and  the  selection 
of  a  diaphragm  with  the  proper  burst  pressure.  Pressure 
gages  placed  in  the  shock  tube  will  experience  similar  shock 
wave  characteristics  as  it  would  if  placed  within  an  open 
air  explosive  blast  field  (Ref.  13) . 


This  shock  tube  is  an  invaluable  laboratory  tool  for  the 

continuing  evalution  of  prototype  pressure  sensors. 

SUMMARY 

Present  state-of-tf e-art  transducers  do  not  have  the  fre¬ 
quency  response  necessary  to  accurately  characterize  explo¬ 
sive  blast  waves.  A  review  of  the  sensing  range,  bandwidth, 
and  resonant  frequency  of  several  new  explosive  measurement 
techniques  show  that  those  based  on  piezoelectric  polymer 
films  and  photoelastic  optical  sensors  are  the  most  promis¬ 
ing.  Both  techniques  offer  wide  sensing  ranges  with  poten¬ 
tial  bandwidths  approaching  the  Gigahertz  regime. 
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Figure  l  Typical  pressure-tin?;:  curve  for  an  explosive  blast  wave 
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Figure  6  The  Ratio  of  the  Two  Channels ,  as  a  Function  of 
Resonator  Thickness 
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Figure  s .  Calculated  Relationship  Between  the  Shuck  Speed  and  the  Peak  Pressure 
of  the  Shock 

The  solid  line  is  obtained  wiiha  detailed  computer  code  calculation,  including  molecular 
dissociation  effects.  The  dashed  line  is  a  simple  Ideal  gas  calculation  with  gamma  = 
1.402,  Hie  curves  are  practically  indistinguishable  below  Mach  6.  The  curves  are 
marked  with  the  distances  from  a  £00*pound  explosion  at  which  various  shock  speeds 
are  expected.  Beyond  3  meters  from  the  model  explosion  the  shock  speed  is  Mach  6  or 
less,  and  the  ideal  gas  approximation  for  deducing  the  peak  pressure  from  the  shock 


